We have developed a cw krypton-ion-laser-pumped Cr 3 + :LiSrAlF 6 regenerative amplifier for femtosecond pulses
operating at a 5-kHz repetition rate. After recompression, we obtained 3.6-,uJ, 170-fs pulses at 825 nm. By focusing these pulses in a cell of water, we generated a white-light continuum.
Since its first demonstration by Payne et al.' at the Lawrence Livermore National Laboratory, the Cr3+ :LiSrAlF 6 (Cr:LiSAF) crystal has proved to be a promising laser medium. This crystal combines a large fluorescence bandwidth (750-950 nm) with an absorption band in the red between 600 and 700 nm, making it particularly suitable for the development of an all-solid-state diode-pumped tunable laser. Owing to its extremely large emission band, Cr:LiSAF is well suited to the generation and amplification of ultrashort pulses. In fact, self-mode-locked femtosecond oscillators 2 ' 3 and flash-lamp regenerative amplifiers 4 have already been demonstrated in Cr:LiSAF.
For high-sensitivity ultrafast experiments, highrepetition-rate femtosecond systems are desirable. One solution for such systems is to use the long energy storage time of the gain medium in cw pumping to amplify the pulses. Recently Norris demonstrated a cw-pumped regenerative Ti:sapphire amplifier working at a repetition rate of 250 kHz (i.e., approximatively the inverse of the Ti:sapphire lifetime) and producing 2-/ttJ amplified pulses. 5 The upper-state lifetime of Cr:LiSAF is approximately 20 times longer than that of Ti:sapphire; it is therefore possible to amplify pulses at a higher energy level while keeping the repetition rate in the multikilohertz range.
This Letter describes a Cr:LiSAF cw-pumped regenerative amplifier operating at 5 kHz that leads to 3.6-AJ, 170-fs pulses at 825 nm after recompression.
The experimental setup for the regenerative amplifier is shown in Fig. 1 . We used the red lines (647 and 676 nm) of a cw krypton-ion laser to pump a 15-mm-long Cr:LiSAF crystal (from Lightning Optical Corporation). Its Cr 3 + concentration was 0.8 wt. %, and 97% of the pump power was absorbed. In order to avoid thermal problems in the slab, we pumped the crystal on both sides. Cr:LiSAF is, in fact, of relatively poor thermomechanical quality compared with Ti:sapphire, and damage in the rod was observed at a cw pump power of 2 W when it was pumped from only one side. With pumping from both sides, we could reach the 3.2-W absorbed pump power level without any significant thermal effects in the crystal and without having to chop the pump laser as before. 6 The cavity design consisted of a 1-m-long, folded, astigmatically compensated, fourmirror cavity. These mirrors had high reflectivity in the 800-900-nm range. The krypton-ion laser beam was focused into the Cr:LiSAF crystal by two 10-cm focal-length lenses through mirrors M 2 and M 3 , both dichroic. A Pockels cell (Medox-EO 700 KD*P) operating at 5 kHz and a broadband polarizer were used to trap and dump the pulses provided by a femtosecond oscillator. The polarizer was specially designed by Matra Division of Optique France to have a high transmission (100%) for the ir polarization and a high reflection (80%) for the uf polarization over a wide spectral band (-50 nm). A Faraday rotator, a half-wave plate, and a second polarizer were used together to separate the input beam and the output amplified beam. The overall transmission of these three components is greater than 95% for the output beam. The input pulses came from a femtosecond Ti:sapphire oscillator operating at a repetition rate of 82 MHz and producing 110-fs pulses at 825 nm. Only 10 mW of average power (0.1 nJ/pulse) from this oscillator was injected into the regenerative amplifier. The regenerative amplifier cavity was initially optimized without intracavity components and with a 1% output mirror. The absorbed pump power threshold was 130 mW. The broadband polarizer was installed and optimized for minimum insertion losses (2.3%), increasing the threshold to 320 mW. The Pockels cell was then installed to permit Q-switched oper- ation. The buildup time was minimized, and, in the best configuration, the Pockels cell increased the insertion losses by 9% (480-mW threshold). Finally, we replaced the output mirror by a high-reflector mirror in the 800-900-nm range (450-mW threshold). The trapping and dumping of these pulses were achieved as follows. The oscillator pulses were sent through the Faraday isolator and injected into the amplifier cavity. Initially the Pockels cell was oriented to give a quarter wave of static birefringence in order to prevent any lasing effect in the cavity. One pulse of the oscillator was then trapped in the amplifier by application of a quarter-wave voltage step on the Pockels cell. Figure 2 shows the evolution of the intracavity pulse energy. When the pulse reached saturation, it was ejected from the cavity by application of a second quarter-wave voltage step to the Pockels cell. The pulse evolution was monitored with a 1-ns rise-time photodiode (Thorlabs DET 2). By use of the electro-optic switch (Pockels cell), the pulse was ejected out of the cavity with a much better efficiency (see Fig. 2 ) than that obtained with acousto-optic switching. 5 We first tested the efficiency of the regenerative amplifier by seeding picosecond pulses in the amplifier cavity. These pulses came from the same oscillator operating in the picosecond regime and had a duration of -100 ps. The pulse energy increased linearly with the pumping rate and reached 15.6 ,uJ at 2.4-W absorbed pump power. We then seeded femtosecond pulses into the amplifier. The output energy increased linearly with the pump power until a pumping level of 1.5 W was reached and leveled off to 8 tzJ for pump powers between 1.5 and 2.4 W. This saturation could be explained by the increase of power density in the Cr:LiSAF slab, which would have led to important nonlinear effects. Moreover, nonlinear distortion was visible on the amplified spectrum. Between 1.5-and 2.4-W absorbed pump power, the spectrum was found to be strongly modulated (Fig. 3) , certainly owing to self-phase-modulation.
In order to avoid these nonlinear effects in the crystal, we reduced the energy per pulse to 5 ,uJ; we worked at 1.5-W absorbed pump power and ejected the pulses 50 ns before they reached the gain saturation (i.e., after 55 round trips). In these experimental conditions, the amplified spectrum was identical to the oscillator spectrum, indicating that there were neither nonlinear effects nor gain narrowing during amplification. The stability of the amplified pulses was found to be greater than 4% and was limited by our krypton-ion laser (Fig. 4) . Because of cavity dispersion and the number of round trips in the cavity, the pulses were temporally broadened from 110 fs to -10 ps.
We achieved the recompression of these 5-,uJ, 10-ps pulses by using six equilateral SF10 prisms oriented at the Brewster angle, at minimum deviation, and arranged in two sets of three. 7 8 The distance between the two sets of prisms was 1.8 m. After one pass, the pulses were reflected off a flat mirror slightly tilted in the vertical direction to permit the pulses to be picked off after a second pass in the prisms. After the compressor the pulses were found to be 170 fs long, assuming a sech 2 profile, with an energy of 3.6 juJ. Note that some wings can be seen on the autocorrelation trace (Fig. 5) . These may be due to third-order dispersion, misalignment of the compressor, and the optical quality of the SF10 prisms.
We focused the recompressed pulses with a 440-mm focal-length lens in a 10-mm water cell and observed a white-light continuum extending from 400 to 900 nm (limited by our detector).
The interest of this cw-pumped Cr:LiSAF regenerative amplifier lies in the possibility of red-diode pumping, inasmuch as 500-mW diodes at 670 nm are now commercially available (Spectra Diode Laboratories SDL 7432). As a first step to diode pumping, we tested our amplifier at 700-mW absorbed pump power, which will potentially require only two Energy per pulse (a.u.)
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)i23456789- SDL 7432 diodes. The regenerative amplifier then produced 3-,uJ pulses that could be recompressed to less than 200 fs with an energy of 2.1 AJ per pulse. However, the autocorrelation presented much more important wings than an autocorrelation at a pump power of 1.5 W, because there were twice as many (130) round trips in the cavity and, hence, more important uncompensated third-order dispersion.
There are several possibilities for improvement of the efficiency of this regenerative amplifier. First, it should be possible to work at 14 kHz (i.e., the inverse of the Cr:LiSAF lifetime) with a higher-repetitionrate Pockels cell without any decrease of energy. Second, we should be able to reach the 10-juJ amplification level without any nonlinear effects by increasing the spot size on the Cr:LiSAF crystal. We have calculated the B integral, 9 which represents the nonlinear dephasing in the slab. Assuming a cavity Gaussian beam with a waist radius of 20 Am in our experiment and a nonlinear index of 0.6 x 1016 cm 2 /W for Cr:LiSAF, we found the B integral to be 1.5 rad for 5-,AJ, 10-ps amplified pulses and 2.4 rad for 8-,J 10-ps amplified pulses. Although 2.4 rad corresponds to a strongly modulated spectrum and is relatively close to the cited value of 3 for serious nonlinear damage and distortion, 9 we observed experimentally that the mode remained TEMoo, certainly owing to spatial filtering by the cavity. Our experiment shows that a B integral value of 1.5 can be used to set a limit on the pulse amplification so as to avoid significant nonlinear effects. With this assumption, we can calculate that the waist in the crystal should have a radius of 50 ,m to reach the 10-AuJ level without any nonlinear distortion. To do this, one would require different cavity mirrors and focusing lenses than those we currently own. Another possibility would be to use the chirped pulse amplification techniques to avoid nonlinear effects in the crystal at the expense of an increased complexity of the system.
In conclusion, we demonstrated that this regenerative amplifier is well suited to operate at low pumping levels and to produce microjoule pulses around 825 nm, with a duration less than 200 fs after recompression and at a repetition rate of 5 kHz. We believe that a diode-pumped version of this Cr:LiSAF regenerative amplifier, used in combination with a diode-pumped self-mode-locked Cr:LiSAF oscillator, will lead in the future to an all-solid-state femtosecond system producing microjoule pulses at a -10-kHz repetition rate.
